The synthesis and characterization of twenty new pentamethylcyclopentadienyl-rhodium and iridium complexes containing N^N and N^O-chelating chloroquine analogue ligands are described. The in vitro antimalarial activity of the new ligands as well as the complexes was evaluated against the chloroquine sensitive (CQS) NF54 and the chloroquine resistant (CQR) Dd2 strains of Plasmodium falciparum. The antimalarial activity was found to be good to moderate; although all complexes are less active than artesunate, some of the ligands and complexes showed better activity than chloroquine (CQ). In particular, rhodium complexes were found to be considerably more active than iridium complexes against the CQS NF54 strain. Salicylaldimine Schiff base ligands having electron-withdrawing groups (F, Cl, Br, I and NO 2 ) in para position of the salicyl moiety and their rhodium complexes showed good antiplasmodial activity against both the CQS-NF54 and the CQR-Dd2 strains. The crystal structures of (η 5 -pentamethylcyclopentadienyl){N 1 -(7-chloroquinolin-4-yl)-N 2 -(pyridin-2-ylmethyl)ethane-1,2-diamine)} chlororhodium(III) chloride and (η 5 -pentamethylcyclopentadienyl){(4-chloro-2-(((2-((7-chloroquinolin-4-yl)amino)ethyl) imino)methyl)phenolate)}chlororhodium(III) chloride are reported. The crystallization of the amino-pyridyl complex (η 5 -pentamethylcyclopentadienyl){(N 1 -(7-chloroquinolin-4-yl)-N 2 -( pyridin-2-ylmethyl)ethane-1,2-diamine)}chloroiridium(III) chloride in acetone resulted in the formation of the imino-pyridyl derivative (η 5 -pentamethylcyclopentadienyl){(N1-(7-chloroquinolin-4-yl)-N2-( pyridin-2-ylmethylene)ethane-1,2diamine)}chloroiridium(III) chloride, the crystal structure of which is also reported.
Introduction
Malaria is a parasitic disease and constitutes a serious societal problem in many countries in the tropical and sub-tropical regions of Africa, Asia and Latin America. There are around 200 million cases of malaria each year, and malaria leads to more than half a million deaths every year worldwide. 1 The causative agents for malaria are five Plasmodium species, viz. P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi. Out of these five species, P. falciparum is the most lethal and responsible for most of the deaths from malaria. 2 Quinoline-based drugs, in particular chloroquine (CQ, structure a, Fig. 1 ), have been widely used for the treatment of malaria, 3 but resistance to chloroquine and other antimalarial agents has become a major obstacle in the efforts to control malaria. 4 It has been postulated that 4-aminoquinoline-based antimalarial agents bind with haematin, which is formed by the degradation of hemoglobin in the food vacuole of the parasite and is toxic to the parasite, and prevent detoxification of haematin. This process inhibits the formation of haemozoin (β-haematin; malaria pigment) in the food vacuole of the parasite, thus causing a build-up of haematin that eventually leads to the death of parasites by haematin poisoning. [5] [6] [7] [8] [9] [10] [11] [12] Therefore, inhibition of haemozoin formation remains an excellent target for new antimalarial drug discovery.
After the discovery of cisplatin (cis-[(NH 3 ) 2 PtCl 2 ]), an anticancer agent commonly used for the treatment of testicular and ovarian cancer, 13, 14 in the 1960s a wide variety of metal complexes have been synthesized and tested for a number of medical purposes. During the last three decades there has been increased interest in expanding the pharmaceutical potential of coordination compounds, especially organometallic complexes. This has been achieved by the incorporation of organometallic moieties into a large number of bioactive compounds. The focus of this research has mainly been the development of organometallic anticancer compounds, but other classes of bioactive organometallics, e.g. antibacterial and antimalarial, have also been investigated. 15, 16 A large number of 7-chloro-4-aminoquinoline derivatives have been evaluated in the search for chloroquine analogues that overcome the widespread chloroquine resistance developed by malaria parasites. In 1997, Biot et al. synthesized ferroquine (FQ, structure b, Fig. 1 ), a chloroquine analogue with a ferrocene moiety in the side chain that shows no cross resistance with chloroquine. [17] [18] [19] Ferroquine has entered phase IIb clinical trials in association with artesunate.
Other attempts to create metal-containing chloroquine derivatives that overcome chloroquine resistance include ruthenocene compounds and half sandwich compounds of chromium and rhenium, as well as ruthenium, rhodium, iridium and gold coordination complexes. 5 Sanchez-Delgado et al. have shown that Ru II coordination complexes with CQ enhance the antimalarial activity against resistant parasite strains as compared to free chloroquine. 20, 21 Hence, there is sustained interest to synthesize new metal conjugates of chloroquine with enhanced antimalarial activity. We have previously investigated ruthenium-and osmium cymene complexes with N^O-and N^N-coordinating chloroquine analogue ligands. 22, 23 The initial results were promising and indicated that Ru cymene complexes of the N^O-coordinating ligand were more active than the free ligand, while further studies and expanding the ligand scope indicated lowered antimalarial activity in vitro on coordinating the Ru cymene moiety to both the N^N-and N^O-coordinating ligands. Furthermore, we observed that the heavier osmium congeners of a subset of these complexes exhibited a further reduction in anti-plasmodial activity. 22, 23 The square planar Rh(I) complex [RhCl(COD)CQ] (structure c, Fig. 1 ) has been found to exhibit antimalarial activity similar to chloroquine diphosphate (CQDP) 20 while the iridium chloroquine conjugate, [Ir 2 Cl 6 (CQ)] (structure d, Fig. 1 ) shows only moderate activity against P. bergei in vitro. 24 The rhodium(III) and iridium(III) pentamethylcyclopentadienyl (Cp*) moieties are isoelectric to the ruthenium(II) and osmium(II) arene moieties and have similar coordination chemistry. The Cp* complexes of Rh and Ir are generally more stable than the corresponding cyclopentadienyl (Cp) complexes, a fact that is normally attributed to a combination of steric shielding of the metal center and the greater electron density in the Cp* ring compared to unsubstituted Cp. The large lipophilic Cp* also ought to increase the overall lipophilicity of the potential antimalarial complex, something that is generally believed to be beneficial to overcome chloroquine resistance. [25] [26] [27] Smith and coworkers have recently presented a number of Rh and Ir Cp* complexes with anti-malarial properties, based on both quinoline containing ligands and ligands not bearing a quinoline moiety. [28] [29] [30] [31] [32] In general, these complexes were found to be less active than the corresponding ruthenium-arene complexes, but in several cases it is evident that the RhCp* moiety is preferable over the Ru-arene moiety for anti-plasmodial activity.
We have thus decided to investigate the anti-malarial properties of Rh-and Ir-Cp* complexes of the same family of chloroquine-mimicking ligands used in the studies with ruthenium and osmium. In this study, we have synthesized and characterized twenty new rhodium and iridium-Cp* complexes containing (N^N and N^O)-bound chloroquine analogue ligands. These complexes have been examined against the chloroquine sensitive (CQS) NF54 and the chloroquine resistant (CQR) Dd2 strains of P. falciparum.
Results and discussion

Synthesis and characterization
The ligands, L1, L2 and HL3-10 were synthesized according to a recently reported procedure. 23 The rhodium complexes 3a-10a and their iridium analogues 3b-10b were synthesized by deprotonating the ligands HL3-10 with triethylamine followed by reaction with [Cp*MCl 2 ] 2 (M = Rh and Ir) (Scheme 1). All complexes were found to be airstable yellow/orange-colored solids that exhibit good solubility in polar solvents.
All complexes have been fully characterized by infrared, 1 Hand 13 C-NMR spectroscopy and mass spectrometry. Further- more, the molecular structures of complexes 1a and 5a have been authenticated by single crystal X-ray diffraction analysis. Efforts to grow single crystals of complex 1b in acetone gave X-ray quality crystals, but not of 1b but rather the corresponding imino-iridium(III) complex 11 (Scheme 2), in which the ligand has been oxidized to form the imine analogue of L1 (vide infra). The 1 H spectra of the complexes show the expected differences relative to the uncoordinated ligands; i.e. a downfield shift of ligand protons close to the coordinating sites and diastereotopic splitting of the methylene (CH 2 ) protons. The diastereotopic splitting can be ascribed to the coordination of the ligand with the metal in a bidentate coordination mode, inducing chirality at the metal center. 22 The most abundant peaks in the ESI mass spectra of complexes 1a and 1b occur at m/z 585 and 675, respectively, which are attributed to the [M] + peak for each complex. While the iridium complex 2b showed the most abundant peak at m/z 642 ([M − HCl] + ), the analogous rhodium complex 2a showed the most abundant peak at m/z 276 which is attributed to [M − HCl] 2+ . These results suggest cleavage of the M-Cl bond and loss of a chloride ligand for both 2a and 2b. The complexes 3a-10a and 3b-10b all showed [M + 1] + molecular peaks, but all except 6a and 9a showed [M − Cl] + as the most abundant peak, indicating that complexes based on salicylaldimine ligands, like the imidazole in L2, are prone to lose a chloride.
Molecular structures of complexes 1a, 5a and 11
The molecular structures of complexes 1a, 5a and 11 have been determined by X-ray crystallography. Single crystals suitable for X-ray crystallographic analyses were obtained by layering hexane on a dichloromethane solution of 1a kept at low temperature (−20°C) and by slow evaporation of a dichloromethane/hexane solution of 5a at room temperature. When an acetone solution of complex 1b was allowed to slowly evaporate at low temperature (−20°C), single crystals suitable for X-ray crystallography were obtained. However, as already mentioned, it was found that the crystal structure showed the structure of an imino-iridium(III) complex, 11 (Scheme 2), as a result of oxidation of the ligand in the corresponding amino-iridium(III) complex 1b. Relevant crystallographic data and structure refinement parameters are compiled in Table 1 . Selected bond lengths and bond angles are given in Table 2 and molecular structures with numbering schemes are shown in Fig. 2-4 , for 1a, 5a, and 11, respectively. The three complexes adopt the expected piano stool geometry, with all bond lengths and angles around the metal centers similar to reported structures of RhCp* and IrCp* complexes with amino-pyridyl, salicylaldimine-based and imino-pyridyl ligands. [33] [34] [35] [36] The distances of the Rh atom from the Cp* centroid are 1.779 and 1.816 Å in 1a and 5a, respectively. For 1a, the Rh-Cl, Rh-N amine and Rh-N py bond distances are 2.4203(6), 2.1729 (19) and 2.1089(19) Å, respectively, and for 5a the Rh-Cl, Rh-N and Rh-O bond distances are 2.4212(8), 2.098(3) and 2.080(2) Å, respectively.
As discussed above, coordination of the bidentate quinoline derivatives renders the complexes chiral at the metal (in addition to the stereogenic centers at N2 and N3 for 1a, at N2 for 5a and at N3 for 11), but the complexes crystallize as racemic mixtures of enantiomers, and the NMR spectra of the complexes indicate that no diastereomers are present in solution.
The structure of 11 closely resembles that of 1a, exhibiting a distorted piano-stool geometry around the iridium center; an η 5 -Cp* group occupies three facial positions of an ideal metaloctahedral environment, and the chelating pyridine-imine ligand and a terminal chloride complete the octahedral coordination sphere. The crystal structure reveals that the Ir1-N1-C5-C6-N2 metallacycle is essentially planar, and coplanar with the plane of the pyridine ring, while in the structure of 1a the corresponding metallacycle is in a classic envelope conformation with N2 in the endo position. The Ir-Cl, Ir-N imine , Ir-N py , Ir-centroid(Cp*), and Ir-C5(Cp*) bond distances are similar to the distances in complex 1a and these bond distances are comparable to the values reported for (η 5 -Cp*)Ir(III)complexes in the literature. 36 However, the major structural differences observed between complexes 1a and 11 are the bond angles and bond distances around the C6 and N2 atoms. The C6-N2 bond length in complex 11 is 1.296(6) Å, which is considerably smaller than the corresponding distance in complex 1a, 1.494(3) Å, indicative of an imine rather than an amine functionality. Also, the bond angles around both C6 and N2 in complex 11 are ∼120°. The short N-C distance and the angles around C6 and N2 unambiguously indicate the sp 2 nature of the C6 carbon in complex 11 and a double bond between C6 and N2. However, 1b can still be assumed to be the amino complex indicated in Scheme 1 as the combined spectroscopic data agree very well with this formulation. There is very good agreement between the 1 H-and 13 C-NMR spectra of 1a and 1b, suggesting an un-oxidized state of L 1 in 1b.
Additionally, there is no trace of an imine C-H signal in the 1 H-NMR spectrum, or of an imine NvC stretch in the IR-spectrum of 1b. Thus the oxidation of complex 1b to 11 must be assumed to have occurred during the crystallization. Metalassisted dehydrogenation of coordinated amines to form imines is a well-known phenomenon, especially for Ru(II) and Os(II) complexes. 37 However, this is a relatively rare phenomenon for iridium complexes, and only a few examples of amino iridium pentamethylcyclopentadienyl complexes undergoing ligand dehydrogenation to form the corresponding imine complex are known. Jerphagnon et al. 38 observed that the ligand in the metallacycle formed from [IrCp*Cl 2 ] 2 and N-methylbenzylamine slowly oxidizes to the imine N-benzylidenemethylamine during catalytic experiments or on standing in CDCl 3 . Similarly, Barloy et al. 39 obtained significant amounts of the oxidized pyrroline complex from the reaction between (2R,5R)-2,5-diphenylpyrrolidine and [IrCp*Cl 2 ] 2 even when the reaction was performed under anaerobic conditions, and only the oxidized product was obtained when the reaction was run under air.
Assessment of anti-malarial activity in vitro
The anti-malarial activity of all rhodium (1a-10a) and iridium (1b-10b) complexes has been evaluated against the chloroquine-sensitive (CQS) NF54 and the chloroquine-resistant (CQR) Dd2 strains of Plasmodium falciparum. Chloroquine and artesunate have been used as reference drugs in this study and the antiplasmodial activity was determined in vitro using the parasite lactate dehydrogenase assay. The results are given in Fig. 5 and 6, and Table 3 . The anti-malarial properties of all ligands and p-cymene-ruthenium complexes analogous to the complexes presented in this work, and p-cymene-osmium complexes of ligands L1, L3, L4, L5 and L7, have been reported previously. 22, 23 All ligands display good to moderate activity against both the CQS-NF54 and CQR-Dd2 strains. In particular, the Schiff base ligands HL3-HL10 exhibit higher antimalarial activity than the amine ligands L1 and L2 and in some cases, the Schiff base ligands even showed better activity than chloroquine. However, the coordination of a ruthenium arene moiety was found to be detrimental for anti-malarial activity, Fig. 2 Crystal structure of 1a with atom numbering schemes (thermal ellipsoids drawn at 50% probability level). Solvent of crystallization, counter anion (Cl − ) and most of the hydrogen atoms have been omitted for clarity (hydrogen atoms attached to C6, N2 and N3 are shown).
Fig. 3
Crystal structure of complex 5a with atom numbering schemes (thermal ellipsoids drawn at 50% probability level). Solvent of crystallization, hydrogen atoms and disorder at the pentamethylcyclopentadienyl ring have been omitted for clarity (hydrogen atoms attached to N2 and C7 are shown). Fig. 4 Crystal structure of 11 with atom numbering schemes (thermal ellipsoids drawn at 50% probability level). Solvent of crystallization, counter anion (Cl − ) and hydrogen atoms have been omitted for clarity (hydrogen atoms attached to C6 and N3 are shown). and the osmium arene complexes exhibited a further decrease in activity. In this study, the rhodium complexes 1a to 10a exhibited lower IC 50 values against the CQS NF54 strain relative to their iridium congeners. The same holds for the activity against the CQR Dd2 strain, with the exception of complexes 8a, 9a and 10a, which showed slightly lower activity than their iridium analogues. The N^N-coordinating cationic complexes 1b and 2b were found to be inactive against the CQR Dd2 strain. In almost all cases there was no significant difference in activity between the free ligands and the rhodium complexes, while the activities of the iridium complexes were statistically different from both the free ligands and the rhodium complexes.
Activity against both the CQS-NF54 and CQR-Dd2 strains
It is interesting to note that electronic variation in the Schiff base (N^O) ligand systems also has a significant effect on the antiplasmodial activity of the ligands as well as the rhodium and iridium complexes. The ligands having electron-withdrawing groups (F, Cl, Br, I and NO 2 ) in para position to the phenolic OH and their rhodium complexes showed good antiplasmodial activity. Indeed, some of these rhodium complexes (4a, 5a and 6a) are more active than chloroquine against the CQS NF54 strain. If the IC 50 values for ligands HL3 to HL10 and complexes 3a to 10a and 3b to 10b are plotted as a function of Hammett's σ p parameter (Fig. 7) , a clear trend that the compounds bearing electron-withdrawing groups are more active against the CQS strain can be seen, but the same trend is not evident for the CQR strain. The reason for the observed correlation in the case of the CQS strain remains unclear. 
Experimental
All synthetic procedures were performed under dry nitrogen using standard Schlenk and vacuum-line techniques. Solvents used were dried by distillation over appropriate drying reagents and stored over molecular sieves under nitrogen. All chemicals were purchased from Sigma-Aldrich and used as received. N 1 -(7-chloroquinolin-4-yl)ethane-1,2-diamine was prepared according to a literature method. 40 Ligands L1, L2 and HL3-10 were synthesized according to published procedures. 22, 23 NMR spectra were recorded on a Varian Inova 500 MHz spectrometer using the solvent resonance as internal standard for 1 H NMR and 13 C NMR shifts. Infrared spectra were recorded on a Nicolet Avatar 360 FT-IR spectrometer. Electrospray ionization (ESI) mass spectra were recorded using a Waters Micromass Q-Tof micro mass spectrometer or an LC-MS Agilent 6220-TOF spectrometer coupled with a 1200 series HPLC. Elemental analysis was performed by Mikroanalytische Laboratorium Kolbe, Mülheim an der Ruhr.
Synthesis of complexes
(η 5 -Pentamethylcyclopentadienyl){(N 1 -(7-chloroquinolin-4-yl)-N 2 -( pyridin-2-ylmethyl)ethane-1,2-diamine)}chlororhodium(III) chloride, [RhCp*(L1)Cl]Cl (1a). A solution of L1 (0.031 g, 0.099 mmol) in dry dichloromethane (3 mL) was added drop-wise to a solution of [RhCp*Cl 2 ] 2 (0.030 g, 0.049 mmol) in dry dichloromethane (7 mL) under nitrogen, and the reaction mixture was stirred for 3 h at room temperature. After reducing the solvent volume to approximately 2 mL, the reaction mixture was poured into petroleum ether (15 mL), yielding a yellow precipitate. The precipitate was filtered, washed with petroleum ether and dried under vacuum. Suitable single crystals for X-ray diffraction were obtained by layering hexane on a dichloromethane solution of the complex. Yield: 0.053 g (∼86%). 1 13 13 . 13 13 The crystals of 1a and 11 were immersed in cryo-oil, mounted in a nylon loop and the X-ray diffraction data were collected on a Bruker AXS Kappa ApexII Duo diffractometer using Mo Kα radiation (λ = 0.71073 Å) at a temperature of 170(2) and 120(2) K for complexes 1a and 11, respectively. The APEX2 program package was used for cell refinement and data reduction. The structures were solved by direct methods using SHELXS-97. 41 A semi-empirical absorption correction based on equivalent reflections (SADABS) was applied to the data. 42 Structural refinements were carried out using SHELXL-97. The NH hydrogen atoms were located from the difference Fourier map but constrained to ride on their parent atom, with U iso = 1.5U eq ( parent atom). Other hydrogen atoms were positioned geometrically and were also constrained to ride on their parent atoms, with C-H = 0.95-1.00 Å, and U iso = 1.2-1.5U eq ( parent atom).
[RhL5Cp*Cl], 5a. The X-ray intensity data for complex 5a were measured on a Bruker Apex II CCD diffractometer at room temperature. Cell dimensions and the orientation matrix were initially determined from a least-squares refinement on reflections measured in three sets of 20 exposures, collected in three different ω regions, and eventually refined against all data. A full sphere of reciprocal space was scanned by 0.3°ω steps. The software SMART 43 was used for collecting frames of data, indexing reflections and determination of lattice parameters. The collected frames were then processed for integration by the SAINT program, 43 and an empirical absorption correction was applied using SADABS. 42 The structures were solved by direct methods (SIR 97) 44 and subsequent Fourier syntheses and refined by full-matrix least-squares on F 2 (SHELXTL) 45 using anisotropic thermal parameters for all nonhydrogen atoms. The pentamethylcyclopentadienyl ligand was found to be disordered over two sites. The atomic positions of this fragment were split to model the disorder, and occupancy was allowed to refine. At the latest stages of refinement, occu-pancy was fixed at 61% and 39%, respectively, providing satisfactory anisotropic thermal motion parameters. One solvent molecule (CH 2 Cl 2 ) is present in the asymmetric unit. The aromatic, methylene and methyl H atoms were placed in calculated positions and refined with isotropic thermal parameters U(H) = 1.2U eq (C) or U(H) = 1.5U eq (C-Me), respectively and allowed to ride on their carrier carbons whereas the imine H atom in 5a was located in the Fourier map and refined isotropically [U(H) = 1.2U eq (N)]. Crystal data and details of the data collections for compounds 1a, 5a and 11 are reported in Table 1 .
Determination of the antiplasmodial activity
The test samples were tested in triplicate on one occasion against chloroquine-sensitive (CQS) NF54 and chloroquineresistant (CQR) Dd2 strains of Plasmodium falciparum. Continuous in vitro cultures of asexual erythrocyte stages of P. falciparum were maintained using a modified method of Trager and Jensen. 46 Quantitative assessment of antiplasmodial activity in vitro was determined via the parasite lactate dehydrogenase assay using a modified method described by Makler. 47 The test samples were prepared to a 20 mg ml −1 stock solution in 100% DMSO and sonicated to enhance solubility. Samples were tested as a suspension if not completely dissolved. Stock solutions were stored at −20°C. Further dilutions were prepared on the day of the experiment. Chloroquine (CQ) and artesunate were used as the reference standards in all experiments. A full dose-response was performed for all compounds to determine the concentration inhibiting 50% of parasite growth (IC 50 -value). Test samples were tested at a starting concentration of 10 μg ml −1 , which was then serially diluted 2-fold in complete medium to give 10 concentrations, with the lowest concentration being 0.02 μg ml −1 . The same dilution technique was used for all samples. Samples were also tested at a starting concentration of 1000 ng ml −1 . Reference standards were tested at a starting concentration of 1000 ng ml −1 . The highest concentration of solvent to which the parasites were exposed had no measurable effect on the parasite viability (data not shown). The IC 50 -values were obtained using a non-linear dose-response curve fitting analysis via Graph Pad Prism v.4.0 software.
Conclusions
New pentamethylcyclopentadienyl-rhodium and -iridium complexes with chloroquine analogue ligands have been synthesized and fully characterized. Molecular structures of two complexes, [Rh(L1)Cp*Cl]Cl(1a), and [Rh(L5)Cp*Cl] (5a) have also been authenticated by X-ray crystallography. The iridium complex [Ir(L1)Cp*Cl]Cl (1b) underwent a ligand dehydrogenation reaction to yield the imine complex 11 during crystallization from acetone, and the structure of [Ir(L1 ox )Cp*Cl]Cl 11 was elucidated by X-ray crystallography.
All complexes have been evaluated for antimalarial activity against the CQS-NF54 and CQR-Dd2 strains of the P. falciparum malaria parasite. The rhodium complexes showed good antimalarial activity against both strains. The rhodium complexes [Rh(L4)Cp*Cl] (4a), [Rh(L5)Cp*Cl] (5a) and [Rh(L6)Cp*Cl] (6a) showed higher antimalarial activity than chloroquine against the CQS-NF54 strain. To the best of our knowledge, 4a is the rhodium complex with the highest anti-plasmodial activity reported thus far that is not a ferroquine derivative. However, the iridium complexes showed only moderate activity against the CQS strain. The iridium complexes 1b and 2b are inactive against the CQR-Dd2 strain. A correlation between the nature (Hammett's σ p parameter) of the electron-withdrawing groups on the salicylaldimine ligands and the anti-plasmodial activity against the CQSNF54 strain could be detected, but no such trend could be seen with the activities against the CQR-Dd2 strain.
